Molecular chaperones, also known as heat-shock proteins, refold misfolded proteins and help other 23 proteins reach their native conformation. Thanks to these abilities, some chaperones, such as the 24 Hsp90 protein or the chaperonin GroEL, can buffer the deleterious phenotypic effects of mutations 25 that alter protein structure and function. Hsp70 chaperones use a chaperoning mechanism different 26 from Hsp90 and GroEL, and it is not known whether they can also buffer mutations. Here, we show 27 that they can. To this end, we performed a mutation accumulation experiment in Escherichia coli, 28 followed by whole-genome resequencing. Our sequence data shows that overexpression of the Hsp70 29 chaperone DnaK increases the tolerance of its clients for nonsynonymous nucleotide substitutions and 30 nucleotide insertions and deletions. We also show that this elevated mutational buffering on short 31 evolutionary time scales translates into differences in evolutionary rates on intermediate and long 32 evolutionary time scales. To this end, we compared the evolutionary rates of DnaK clients and 33 nonclients using the genomes of E. coli, Salmonella typhimurium, and 83 other gamma-proteobacterial 34 species. We find that clients that interact strongly with DnaK evolve faster than weakly interacting 35 clients. Our results imply that all three major chaperone classes can buffer mutations and affect protein 36 evolution. They illustrate how an individual protein like a chaperone can have a disproportionate 37 effect on proteome evolution. 38
Dagan 2012), but whether the same holds for any major chaperone from the Hsp70 system is to our 50 knowledge unknown. 51
Pioneering work carried out by Rutherford and Lindquist (1998) showed that inhibition of the 52 chaperone Hsp90 can unveil cryptic genetic variation -genotypic variation without phenotypic 53 variation -in the fruit fly Drosophila melanogaster. Subsequently, similar observations have been 54 made in the plant Arabidopsis thaliana (Queitsch et al. 2002) , the yeast Saccharomyces cerevisae 55 (Cowen and Lindquist 2005) and the fish Astyanax mexicanus (Rohner et al. 2013 ). Further support 56 was recently provided by Burga et al. (2011) who found that high induction of Hsp90 during 57 development of the nematode Caenorhabditis elegans reduced the penetrance of certain mutations. 58
Additionally, Lachowiec et al. (2013) found that paralogs of duplicated kinase-coding genes that 59 encode a substrate of Hsp90 (i.e., a Hsp90 "client") in A. thaliana often evolve faster than nonclient 60 paralogs. In general, the rate at which non-conservative substitutions -those that alter 61 physicochemical properties of amino acids -accumulate is especially accelerated in Hsp90 clients 62 (Pechmann and Frydman 2014) . 63
Multiple studies also demonstrate mutational buffering mediated by the bacterial chaperonin 64 The overexpression of DnaK may be energetically costly, just as is the case for the chaperonin 119
GroEL (Fares et al. 2002; Sabater-Muñoz et al. 2015) . In principle, this cost could favor the 120 accumulation of mutations that lead to a decrease in the expression of DnaK during the evolution 121 experiment. However, we observed that the overexpression of DnaK was maintained through the 122 mutation accumulation experiment at both 37°C and 42°C (Fig. 1, Supplementary Fig. 1 ). In the 123 presence of the inducer L-arabinose, all DnaK + lines overexpressed DnaK not only at the start of the 124 evolution experiment, but also at the end, except for a DnaK + line evolved at 42°C. However, this loss 125 of overexpression occurred towards the end of the experiment and even then there was still 126 overexpression for most of the daily growth cycle of this line ( Supplementary Fig. 2 12.22% of clients and 11.63% of clients were affected by mutations. Similarly to our observations at 152 37°C, we found no evidence for a larger proportion of mutated clients (Fisher's exact test: odds ratio F 153 = 1.06, P = 0.64). The same held at both temperatures when we controlled for the number of 154 nonsynonymous sites in clients (502,499 sites) and nonclients (2,692,140 sites) (Fisher's exact test: 155 odds ratio F = 1.22, P = 0.13 at 37°C and F = 1.14, P = 0.31 at 42°C). 156
While these analyses show that the relative number of mutations in clients is higher than in 157 nonclients, the fact that this difference is not significant suggest that DnaK clients in E. coli do not 158 have a greater tolerance to protein-changing mutations than nonclients. However, these analyses 159 ignore a potentially important confounding factor: Clients may be intrinsically more sensitive to 160 mutations than nonclients. Indeed, it has been shown that nonclient proteins are more soluble and 161 expose less hydrophobic regions to the solvent than clients, that is client proteins are intrinsically less 162 stable than nonclient proteins (Calloni et al. 2012 suggest that overexpressing DnaK does indeed increase the robustness of its clients to mutations. 175
Temperature itself had no significant effect on the proportion of mutated clients and nonclients 176 (Fisher's exact test: odds ratio F = 1.08, P = 0.72). At both temperatures, the number of accumulated 177 mutations in strong DnaK clients was approximately twice as high as that in weak clients, but this 178 difference was not significant, likely because of a lack of statistical power (Supplementary Table 1,  179 Supplementary Information section 2.1). Importantly, this observation is not spuriously explained by a 180 difference in coding sequence length between strong and weak clients (Wilcoxon rank-sum test, P-181 value = 0.512). 182
DnaK accelerates protein evolution on intermediate and long evolutionary time scales 183
We wanted to find out if the DnaK-mediated mutational buffering we observed on the short time 184 scales of laboratory evolution has also left signatures on longer evolutionary time scales. To this end, 185
we determined two measures of evolutionary rates for protein-coding genes from gamma-186 proteobacteria (Supplementary Table 2 Table 3) . 224
Finally, while we observe that strong clients evolve faster than weak clients on both 225 evolutionary time scales, we find that clients evolve more slowly than nonclients (Supplementary 226
Information section 2.4, Supplementary Fig. 3 ). This last difference cannot be explained by the 227 number of protein-protein interactions, by essentiality, or by CUB as confounding factors 228 that lines evolving with high levels of GroEL were not only less prone to extinction under strong 241 genetic drift than control lines, but also that they were accumulating significantly more indels and 242 replacements between amino acids belonging to different physicochemical categories. 243
Additionally, we find that DnaK-mediated mutational buffering has left a trace in DnaK clients 244 during the divergence of 85 different gamma-proteobacterial species over much longer evolutionary 245 time scales than those explored in our laboratory evolution experiment. We find that clients that 246 depend more on DnaK for folding tend to evolve faster than less interacting clients. Similar 247 chaperone-mediated accelerations of protein evolution have been observed on GroEL clients (Bogumil 248 and can increase the innovability of its client proteome will also be an interesting subject for future work. 267
In summary, we analysed evolutionary rates of proteins that are subject to DnaK-assisted 268 folding on short, intermediate, and long evolutionary time scales through a combination of 269 experimental and comparative approaches. Most of our evidence indicates that the bacterial chaperone 270
DnaK can buffer mutations in its client proteins, and that these proteins therefore evolve faster than in 271 the absence of DnaK-mediated folding. This is, to our knowledge, the first demonstration that a 272 member of the Hsp70 family can buffer the effect of mutations, with long-term consequences on 273 protein evolution (Bogumil and Dagan 2012) . Through its role in protein folding, an individual 274 chaperone such as DnaK can have a disproportionate effect on proteome evolution, and thus on 275 genome evolution. 276
Materials and Methods 277

Sequence data 278
We obtained the complete genomes of E. coli K-12 MG1655 (NC_000913) and S. enterica serovar 279 Typhimurium LT2 (NC_003197) from GenBank Genomes (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). 280
We also used a dataset from Williams and Fares (2010) that consists of 1092 multiple sequence 281 alignments of conserved orthologous proteins from 85 gamma-proteobacterial genomes. 282
Orthology 283
We identified 3159 one-to-one orthologs in E. coli and S. enterica genomes as reciprocal best hits 284 (Tatusov et al. 1997 ) using the Basic Local Alignment Search Tool (BLAST, i.e., BLASTP with an E-285 value cut-off of 10 -10 ). We aligned each pair of orthologous proteins with the Needleman-Wunsch 286 dynamic programming algorithm, using the Needle program from the EMBOSS package (Rice et al. 287 2000) . We translated the resulting alignments into codon-based nucleotide alignments with PAL2NAL 288 (Suyama et al. 2006 ). 289
Evolutionary rates 290
We estimated the rate of nonsynonymous substitutions (d N ) using the program codeml from the 291 package PAML 4.7 (one-ratio model M0) (Yang 2007). We calculated protein distances for the 292 gamma-proteobacterial alignments from Williams and Fares (2010), using PROTDIST from the 293 PHYLIP package (Felsenstein 2005 ) and the Jones, Taylor and Thornton (JTT) substitution matrix 294 (Jones et al. 1992 ). We calculated an average distance for each cluster of orthologous proteins as the 295 mean of all pairwise distances. 296
Codon usage bias 297
We computed the Codon Adaptation Index (CAI) using the program CAI from the EMBOSS package 298 (Rice et al. 2000) . We calculated Codon Usage Bias (CUB) for each pair of E. coli -S. enterica 299 orthologs as the mean of the CAI values for each pair of orthologs. We used CUB as a proxy for gene 300 expression. 301 302 303
DnaK dependency 304
We obtained information about DnaK clients from Calloni et al. (2012) . This study used quantitative 305 proteomics to identify 671 DnaK interactors or client proteins. For each of these proteins, the 306 investigators calculated a relative enrichment factor that indicates the fraction of cellular protein 307 bound to DnaK at 37°C. We used this measure as a proxy for DnaK dependency. 308
Bacterial strains and plasmids 309
We obtained E. coli K-12 substr. MG1655 ΔmutS from Ivan Matic (Université Paris Descartes, 310 INSERM U1001, Paris, France) through Jesús Blázquez (Centro Nacional de Biotecnología, CSIC, 311
Madrid, Spain) (Bjedov et al. 2007 ). In this E. coli strain the gene encoding the protein MutS has been 312 deleted. This protein is a component of the mismatch repair system that recognizes and binds 313 mispaired nucleotides so that the mispairing can be corrected by two further repair proteins, MutL and 314
MutH. The strain MG1655 ΔmutS has a predicted mutation rate that is 1000-fold higher than the wild 315 type (Bjedov et al. 2007 ; Turrientes et al. 2013), which ensures that a sufficient number of mutations 316 occur during the mutation accumulation experiment. We transformed this strain with the plasmid 317 pKJE7 (Takara, Cat. #3340), which contains an operon encoding DnaK, and its co-chaperones DnaJ 318
and GrpE under the regulation of a single promoter inducible by L-arabinose (Nishihara et al. 1998) . 319
We generated a control strain by transforming the same ΔmutS strain with a plasmid that lacks the 320 operon dnaK-dnaJ-grpE but is otherwise identical to pKJE7. We refer to this plasmid as pKJE7-321 DEL(dnaK-dnaJ-grpE). This control plasmid was derived from the plasmid pKJE7 by removal of the 322 operon dnaK-dnaJ-grpE with a restriction digest using BamHI and SpeI, followed by religation, after 323 obtaining permission for plasmid modification from Takara. 324
Evolution experiment 325
We evolved six clonal lines of the hypermutable E. coli ΔmutS strain containing pKJE7 (DnaK + lines) 326 and two lines containing the control plasmid pKJE7-DEL(dnaK-dnaJ-grpE) (DnaK -lines) by daily 327 passaging them through single-cell bottlenecks on solid LB medium (agar plates; Pronadisa #1551 and 328 #1800) supplemented with 20 µg/mL of chloramphenicol (Sigma-Aldrich #C0378) and 0.2% (w/v) of 329 L-arabinose (Sigma-Aldrich #A3256). We passaged both the DnaK -and DnaK + lines during 85 days 330 or approximately 1,870 generations (assuming ~22 generations per daily growth cycle). We evolved 331 half of the DnaK + and DnaK -lines under mild heat-stress (42°C) while the other half remained at 332
37°C. 333
Verification of DnaK overexpression 334
We grew the ancestral and evolved strains (DnaK + and DnaK -, at 37°C and 42°C) from glycerol stocks 335 in liquid LB medium supplemented with 20 µg/mL of chloramphenicol in the presence or absence of 336 the inducer L-arabinose (0.2%). After 24h of growth, we pelleted cells by centrifugation at 12000 rpm. 337
We resuspended the pelleted cells in 100µl lysis buffer (containing 200 mM Tris-HCl pH6.8, 10mM 338 DTT, 5% SDS, 50% glycerol). To prepare a crude extract, we first boiled resuspended cells at 95°C 339 for 15 minutes. After the removal of cell debris by centrifugation, we quantified soluble proteins using 340 the Bradford method (Bradford 1976 ). We loaded one microgram of total protein for each sample in 341 SDS-PAGE gels (12.5% resolving gel). In addition, we loaded onto all gels samples from the ancestral 342
DnaK
-and DnaK + strains grown in the presence of inducer at 37°C, as controls to facilitate inter-gel 343 comparisons. We detected DnaK protein by Western blotting using as primary antibody a 344 mouse monoclonal antibody specific to E. coli DnaK (Abcam #ab69617) at a 1:10,000 dilution, and as 345 secondary antibody a goat polyclonal (alkaline phosphatase-conjugated) antibody specific to mouse 346 Germany) in a QiaCube automatic DNA extractor using bacterial pellets obtained from approximately 365 10 mL cultures. We constructed multiplexed DNAseq libraries from each clonal evolution line using 366 the TrueSeq DNA polymerase chain reaction-free HT sample preparation kit (Illumina). We 367 performed paired-end sequencing on an Illumina HiSeq2000 platform, using a 2 × 100 cycles 368 configuration. 369
We performed whole-genome sequencing of the ancestral strain using paired-end and shotgun 370 454 sequencing (Roche/454 Life Sciences, Branford, CT). We performed a de novo assembly using 371 the GS De Novo Assembler version 2.6 (Roche), and combined the mapped and de novo assemblies 372 into a single assembly using in-house scripts. We examined reads to confirm indels using ssaha and 373 
